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Background and objective: Ground-level cosmic-ray monitoring normally needs a neutron monitor or a muon detector run by
a national institute. We asked whether a device built from commodity parts can recover the solar modulation signal and still pass
the checks professional data are held to: a correct absolute rate, a barometric correction and autocorrelation-aware significance
testing.

Methods: A two-plane plastic-scintillator device read out by silicon photomultipliers, with a 100 ns two-fold coincidence, ran
for 245 days beside a dual-frequency GNSS receiver giving vertical total electron content (VTEC) from carrier phases levelled
to code and corrected for differential code biases. Rates were pressure-corrected. Correlations used autocorrelation-adjusted
sample sizes and block-bootstrap intervals; the 27-day recurrence was tested against a first-order autoregressive red-noise null.
Results: The device recorded 4.42 coincidences per minute; its barometric coefficient is —0.169 + 0.010% hPa~'. Seven-day
mean rates anti-correlate with sunspot number (r = —0.75, N.sr = 15, p = 0.0015), and a Lomb-Scargle peak at 27.2 days
exceeds the 99% red-noise level. The angular scan gives n = 1.88 + 0.07 and a vertical intensity of 68 + 1 (stat) + 5 (syst) m >
s~V sr~1. VTEC tracks Fip7 (r = 0.68) and rises 7.6 h before magnetic-cloud arrival in all six events.

Conclusions: A device costing about 400 EUR reproduces the accepted vertical muon intensity and resolves solar modulation
at the 1% level. The two channels respond to solar forcing on different timescales, which is what makes the pair informative.

Keywords: cosmic rays; muon detector; scintillation coincidence counter; solar modulation; total electron content; GNSS;
low-cost instrumentation.

Introduction above roughly 100 km, and the column density along a satel-
lite path, the total electron content, can be recovered from the
Background dispersive delay between two carrier frequencies of a Global

Navigation Satellite System, or GNSS78. TEC responds
within minutes of a flare and within hours of a geomagnetic
storm®1°, while the muon flux responds to the heliospheric
conditions that govern particle transport over an entire solar
rotation. Measuring both at one site gives two views of the

Primary cosmic rays striking the upper atmosphere produce
cascades of secondary particles. Charged pions and kaons
from the first interactions decay into muons, and because
muons are penetrating and relatively long-lived a large frac-

tion of them reach sea level, where the vertical intensity is
closeto 70m~2 s~ ! sr! above 1 GeV !. The intensity arriving
at Earth is not constant. The solar wind and the heliospheric
magnetic field scatter and decelerate galactic cosmic rays, so
the flux at 1 AU falls when solar activity rises>3. The effect
appears on several timescales at once: the 11-year sunspot cy-
cle, the 27-day solar rotation carried by corotating interaction
regions*>, and short Forbush decreases that follow interplan-
etary coronal mass ejections, or [CMEs®.

Solar activity also changes the ionosphere. Extreme-
ultraviolet and X-ray emission controls the electron density
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same driver with different response times.

Problem Statement and Rationale

Neutron monitors and the muon detectors that carry this kind
of work are large, professionally maintained instruments !'=13,
Silicon photomultipliers, plastic scintillator and microcon-
troller data acquisition have made a small muon detector cheap
enough for a school %13, and school-run air-shower arrays al-
ready exist'®!7. What remains unclear is whether such an in-
strument can produce a heliospheric measurement rather than
a demonstration. Three things have to be shown. The absolute
count rate has to match what the known ground-level inten-
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sity predicts for the detector geometry. Atmospheric pressure,
which changes the muon rate by a few tenths of a percent per
hPa'¥19 has to be removed. And the significance of any cor-
relation has to be judged on the number of independent sam-
ples the series really contains, not on the number of rows in
the file.

Significance and Purpose

An instrument that meets those three conditions for 400 EUR
makes a school network realistic. It also hands students a
worked example of the acceptance, efficiency and background
arguments that every counting experiment needs. The aim
here is to build one, characterise it well enough to quote an
absolute intensity with an uncertainty, and use it to follow so-
lar modulation over eight solar rotations alongside a colocated
ionospheric measurement.

Objectives

1. Build a two-plane scintillator device with coincidence
logic and measure its acceptance, efficiency, threshold
plateau and accidental rate.

2. Reconcile the measured coincidence rate with the ac-
cepted sea-level muon intensity.

3. Determine the barometric coefficient of the instrument
and apply it to the whole series.

4. Measure the anti-correlation between the corrected rate
and solar activity, with confidence intervals that account
for autocorrelation.

5. Test the 27-day recurrence against a red-noise null rather
than by eye.

6. Measure the zenith-angle dependence of the coincidence
rate and fit it with the device’s own acceptance folded in.

7. Derive VTEC from a dual-frequency GNSS receiver, val-
idate it against the global ionosphere maps of the Inter-
national GNSS Service (IGS), and compare its response
to solar forcing with that of the muon channel.

Scope and Limitations

This work reports a rate and its variation. It does not report a
muon energy. A two-plane device of this size has no magnetic
analysis and no absorber stack, so the energy of the detected
particles can only be recovered from a detector-response cal-
culation (CORSIKA or Geant42%) validated against an inde-
pendent measurement, which is beyond what was available
here. The angular scan is therefore presented as an angular
dependence of the rate, and nothing is inferred from it about

the energy at which solar modulation becomes negligible. The
instrument also has one location, so nothing in this paper sep-
arates heliospheric effects from effects specific to the site’s
cutoff rigidity.

Theoretical Framework

Two relations frame the analysis. The angular distribution of
sea-level muons is described by 1(6) = Ipcos" 6 with n near
2 for the integral intensity above about 1 GeV !, The rate
of a two-plane device is that intensity integrated over the ge-
ometry of the two slabs, so the measured rate and the fitted
exponent are only meaningful once the acceptance is com-
puted (the “Muon device” section). The pressure dependence
is taken as R(p) = Roexp[B(p — po)], with B the baromet-
ric coefficient'®. For the ionospheric channel, the geometry-
free combination of two carrier phases is proportional to slant
TEC, with the constant of proportionality fixed by the two fre-

quencies’.

Methodology

Research Design

The study is observational and longitudinal. One instrument at
one site recorded two continuous series over the same window,
and those series were compared with publicly archived solar
and cosmic-ray indices. There are no human participants, so
no sampling or consent procedures apply.

Site and Observation Window

The detector was deployed at the National College ,,Emil
Racovitd” in Cluj-Napoca, Romania (46.771° N, 23.624° E,
340 m a.s.l.), indoors on the top floor directly beneath the roof.
The overburden is the roof slab and its insulation, about 25 g
cm ™2, which stops muons below about 50 MeV and is negli-
gible at the energies that dominate the rate. The vertical ge-
omagnetic cutoff rigidity at the site is approximately 4.7 GV,
interpolated from published cutoff maps®?. Data were taken
from 2025-06-01 to 2026-01-31 inclusive, 245 days, at a duty
cycle of 99.5%. The 80-day sub-interval used for the station
comparison in the “Comparison with reference stations” sec-
tion is a window inside that run, not a separate campaign.

Muon Device

The device has two identical planes. Each is a 50 x 50 x
10 mm slab of polyvinyl toluene (PVT) plastic scintillator
wrapped in aluminised reflector and light-tight tape, with a 6
x 6 mm silicon photomultiplier coupled to one edge through
optical grease. A plastic scintillator emits a brief flash of light
when a charged particle passes through it: a muon crossing 10

2 | NHSJS 2026

© The National High School Journal of Science 2026



mm of polyvinyl toluene deposits about 2 MeV and produces
on the order of 20,000 photons. A silicon photomultiplier is an
array of microscopic avalanche photodiodes operated above
breakdown, which converts that flash into an electrical pulse
whose height grows with the amount of light collected. The
planes are parallel, 50 mm apart centre to centre, mounted on
an adjustable frame that sets the device axis to a chosen zenith
angle. Figure 1 shows the production chain and the geome-
try; Figure 3 shows the hardware. Figure 3(a) is a photograph
of the two slabs and their photosensors before assembly. In
the finished instrument the planes are stacked and wrapped
together in one light-tight package, so a photograph taken af-
terwards shows only the outer wrap.

The geometry factor of the pair, its geometrical accep-
tance, was computed by Monte-Carlo integration over both
slab faces,

G(6p) = //cos" 6 cos s cosap r > dAx dAg,

where r is the distance between the two surface elements, o
is the angle between the connecting line and the plane normal,
and 0 is the zenith angle of that line. With n =2 the vertical ac-
ceptance is G(0°) = 13.0 cm? sr, computed with 6 x 10° sam-
ples (statistical error below 0.1%). Folding this with the ac-
cepted vertical intensity of 70 m~2 s~! sr=!'! and a per-plane
efficiency of 0.90 predicts 4.4 coincidences per minute. That
is the number the measured rate has to match. The same inten-
sity through one slab alone gives about 15 muons per minute.

@

devi G(0")=13.0 cm® st, 5x5x 1 cm slabs

| ground level, 340 m as.l. ‘

Figure. 1 (a) Production of the muon component of an air shower
and the position of the device. (b) Two-plane coincidence geometry.
Both slabs share a normal that is tilted by 0 from the zenith; a particle
is accepted only if it crosses both. The vertical geometry factor is
G(0°) = 13.0 cm? sr. Drawn by the authors.

Trigger, Threshold and Background

Each SiPM pulse is amplified and stretched by a peak-detector
stage so that a 20 MHz Arduino Nano can sample its ampli-
tude with the board’s analogue-to-digital converter (ADC). A
discriminator on each channel feeds a two-fold coincidence

unit with a 100 ns window. Only coincidences are recorded,
each with a timestamp referenced to the 1 pps output of the
GNSS receiver and the pulse height of both planes. Live time
is accumulated by the logger and written with every record,
so the rate is always counts divided by live time rather than
counts divided by wall clock.

Three measurements fix the working point. The pulse-
height spectrum of each plane (Figure 4a) shows the expo-
nential SiPM dark-count tail falling into a broad minimum-
ionising peak near 240 ADC counts. The threshold scan (Fig-
ure 4b) locates a plateau; the working threshold of 90 ADC
counts sits on it. SiPM gain falls as temperature rises, which
shifts the pulse-height spectrum and could move pulses across
a fixed threshold. Because the working point sits on the
plateau, where the coincidence rate changes little for small
threshold shifts, and the instrument was indoors, where the
logged temperature stayed between 20 and 22 °C, this effect
is small; the residual test against temperature reported in the
“Barometric correction and the temperature check™ section is
consistent with that. At that threshold the single-plane, or sin-
gles, rates are 1205 and 1301 min—!. Both are dominated by
SiPM dark counts: the muon contribution to a single plane is
only about 15 min~!. Without the coincidence requirement
there would be no measurement to make. The accidental rate
2TRARE is 5.2 x 1073 min—!, which is 0.12% of the coinci-
dence rate. The distribution of the time difference between the
two planes (Figure 4c) has a width of 29 ns, comfortably in-
side the window. Dead time per event is 18 us, dominated by
the peak-detector reset, which at 4.4 min~! costs 1.3 x 107°
of the live time and is neglected.

Per-plane efficiency was not measured with a third plane,
which is the only way to measure it internally. It is taken as
0.90 + 0.03 from the plateau shape and the manufacturer’s
photon-detection efficiency at the scintillator emission peak.
It is the dominant systematic on the absolute intensity quoted
in the “Angular dependence and absolute intensity” section,
and it is carried through as one.

Angular Scan

The frame was set to seven zenith angles from 0° to 75° and
held at each for 6 h of live time. Pressure was logged through-
out and each point was corrected with the coefficient of the
“Barometric correction and the temperature check” section be-
fore fitting. The scan was run twice, on consecutive weeks,
and the two runs were combined.

Environmental Sensing and Barometric Correction

A BME280 sensor on the logger records temperature, pres-
sure and relative humidity at 1 Hz, averaged to one value per
minute. The barometric coefficient was obtained by regressing
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Figure. 2 System architecture. The two scintillator planes feed inde-
pendent amplifier and peak-detector stages; a two-fold coincidence
gates the Arduino Nano, which digitises both pulse heights. The
MKR 1010 timestamps every event against the GNSS 1 pps output
and writes muon events, environmental samples and the raw GNSS
observations to the same SD card. That shared clock is what keeps
the two channels aligned.

the logarithm of the daily rate on daily mean pressure over the
whole run. The correction applied to every rate in this paper is
Reorr = Rexp[—B(p — po)] with pg =975 hPa. Ground temper-
ature was tested as a residual predictor after the pressure cor-
rection; the result is in the “Barometric correction and the tem-
perature check” section. Ground temperature is a poor proxy
for the effective atmospheric temperature that drives the muon
temperature effect '>>3, and no upper-air profile was available
for the site, so no temperature correction was applied.

Power and Autonomy

The instrument draws 0.55 W in normal operation, dominated
by the GNSS receiver and the SiPM bias supply. It runs from
a 12 'V 2 A mains adapter through a 5 V regulator. A 2,000
mAh lithium-ion pack inside the enclosure, visible in Figure
3(b), carries the system through mains interruptions and gives
about 13 h of autonomy. That is what held the duty cycle at
99.5% over 245 days. A 9 V battery was used for bench tests
only.

GNSS Total Electron Content

A u-blox NEO-F9P receiver (firmware HPG 1.32) with an
L1/L5 survey antenna on the roof logs observations every 30
s in Receiver Independent Exchange (RINEX) 3.05 format.
GPS and Galileo satellites are used; GLONASS is excluded
because of its frequency-division biases. The processing chain
is the standard one’-324,

1. Cycle slips are detected with the Melbourne-Wiibbena
and geometry-free combinations and start a new continu-
ous arc.

ARDUINO BOARD AND
SENSORSHIELD

MUON SENSOR

GNSS ANTENNA

GNSS MODULE

Figure. 3 (a) The two scintillator slabs with their silicon photomulti-
pliers and the front-end board, photographed before assembly. In the
finished instrument the slabs are stacked 50 mm apart and wrapped
together in one light-tight package. (b) Annotated layout of the as-
sembled instrument in its printed enclosure. (c) The instrument dur-
ing a winter field test away from the school building.

2. Slant TEC (STEC) is formed from the geometry-free car-
rier phase as STEC =7.76 AL for the L1/L5 pair, with AL
in metres and STEC in TEC units (1 TECU = 10 elec-
trons m~2). The carrier phase is precise but ambiguous
by an unknown constant per arc.

3. Each arc is levelled to the code geometry-free combina-
tion by a weighted mean over the arc, with weights pro-
portional to the square of the elevation sine to suppress
code multipath.

4. Satellite differential code biases are taken from the
monthly product of the Center for Orbit Determination
in Europe (CODE), distributed in IONosphere map EX-
change (IONEX) format; the receiver bias is estimated
as one constant per day together with the vertical TEC
model.

5. Observations below 30° elevation are discarded.

6. Slant values are mapped to vertical with a single-layer
model at 450 km, VTEC = STEC cosz with sin7 =
Rgsinz/(Rg+H).

7. Daily VTEC is the mean of all mapped values in the day;
the quoted uncertainty is the standard error of that mean
combined with a 0.5 TECU allowance for the mapping
model.

Reference Data

Sunspot numbers are the version-2 series from the World Data
Center SILSO (Sunspot Index and Long-term Solar Observa-
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Table 1 Comparison stations. NM denotes a neutron monitor and R the vertical geomagnetic cutoff rigidity. Distances are great-circle

distances from the site.

Station Latitude, longitude Altitude (m) R, (GV) Distance (km)
This work (muon device) 46.77° N, 23.62° E 340 ~ 4.7 -

Lomnicky §tit NM 49.20° N, 20.22° E 2634 3.84 370

Athens NM 37.97°N, 23.79° E 260 8.53 979

Baksan NM 43.28° N, 42.69° E 1700 5.60 1544

tions), Royal Observatory of Belgium?>. Solar radio flux at
10.7 cm is the adjusted daily value from the Dominion Radio
Astrophysical Observatory at Penticton®. Neutron monitor
counting rates are hourly, pressure-corrected values from the
Neutron Monitor Database (NMDB) archive for the three sta-
tions in Table 1. Magnetic cloud arrival times are the ICME
onsets listed in the Richardson and Cane catalogue?’. 1GS
global ionosphere maps used for the TEC validation are the
final CODE product®.

Statistical Analysis

All analysis is in Python 3.12 with NumPy, SciPy and pandas.
Every figure is produced by one function in figures.py that
reads one named CSV file.

Correlations are Pearson coefficients on series aggregated to
a single cadence. Pairing sub-daily counts against a daily so-
lar index inflates the coefficient by pseudoreplication, so both
series are reduced to daily means first, and the primary result
is quoted on 7-day means, where the counting error is small
compared with the modulation amplitude. Because both se-
ries are autocorrelated, the number of independent samples is
smaller than the number of points. The effective sample size
is computed with the modified Chelton method?®, and the p-
value uses Ngg — 2 degrees of freedom. Confidence intervals
are the 2.5 and 97.5 percentiles of 5,000 block-bootstrap repli-
cates?”, resampled in fixed-length blocks with random start-
ing points, using a 14-day block for daily series and a 4-point
block for weekly series. As a further check, both series are lin-
early detrended and prewhitened by one AR(1) step and cor-
related again; that result is reported alongside the raw one.

The periodogram is a normalised Lomb-Scargle peri-
odogram3? over periods from 8 to 70 days, which is appro-
priate for the small gaps in the record. Significance is as-
sessed against 2,000 first-order autoregressive, AR(1), surro-
gate series with the same variance and lag-1 coefficient as the
data. Both the pointwise 95% and 99% levels and the global
level, the distribution of the maximum power over the whole
searched band, are reported; the global test is the multiple-
comparison control®'. The CME analysis is a superposed-
epoch comparison of 6 events against 60 control epochs drawn
from quiet days, with a Fisher exact test on the detection
counts.

Ethical Considerations

The study involves no human or animal participants and no
personal data. The GNSS receiver records only its own posi-
tion, which is the school’s published address. All third-party
data used here are publicly archived and are cited with their
providers in the “Reference data” section; the acknowledge-
ments name the networks whose data policies request it.

Results

Detector Characterisation

Over the whole run the device recorded a mean of 6,325 co-
incidences per day, a rate of 4.415 min~!. The Poisson error
on a single day is 1.26%. That is why the solar analysis be-
low runs on weekly means. Dividing the measured rate by the
computed acceptance of 13.0 cm? sr and by the assumed ef-
ficiency gives a vertical intensity consistent with the accepted
value, and the angular fit in the “Angular dependence and ab-
solute intensity” section makes that statement quantitative.
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Figure. 4 Detector characterisation. (a) Pulse-height spectra of both
planes with the working threshold of 90 ADC counts marked; the
exponential rise below 60 ADC counts is SiPM dark noise, the broad
shoulder near 240 is the minimum-ionising peak. (b) Threshold scan:
single-plane rates, two-fold coincidence rate and the accidental rate
2TRARp. The coincidence curve is flat across the working point.
(c) Distribution of the arrival-time difference between the planes; the
shaded band is the coincidence window.

Barometric Correction and the Temperature Check

Pressure over the run spanned 951 to 996 hPa, a range of 45
hPa. The effect is not negligible. The regression gives f§ =
-0.169 + 0.010% hPa~! (p = 6.5 x 107%9), which sits in the
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Cost

Table 2 Itemised cost of the instrument, twelve line items and 403 EUR in total. Prices are what was paid in 2025 including VAT and exclude
the 3D printer and hand tools. The scintillator was bought as an offcut, which is the single largest saving.

Component Item Qty Unit (EUR) Total (EUR)
Scintillator Polyvinyl toluene slab 50 x 50 x 10 mm, offcut 2 48 96
Photosensor SiPM 6 x 6 mm, C-series 2 62 124
Front end Amplifier and peak-detector board, components 2 11 22
Logic Comparators and coincidence board 1 9 9
Microcontroller Arduino Nano 1 8 8
Logger Arduino MKR 1010 with SD shield 1 34 34
Environment BME280 breakout 1 6 6
Bias supply Adjustable SiPM bias module and filtering 1 14 14
Enclosure 3D-printed housing and adjustable mount 1 12 12
Power 12 V 2 A mains adapter and 5 V regulator 1 9 9
Backup Li-ion pack 2,000 mAh with charge controller 1 11 11
GNSS NEO-F9P module and L1/L5 antenna 1 58 58
Total 403

range reported for ground-level muon detectors %19, Correct-
ing the series reduces its scatter from 1.99% to 1.31% rms
(Figure 5). Every rate quoted after this point is pressure-
corrected.

Ground temperature was then regressed against the residu-
als. The correlation is r = 0.09 with Neg = 184 and p = 0.20,
and the 95% interval [—0.11, 0.20] includes zero. That null
says nothing about whether the temperature effect exists. It
says the ground sensor cannot see it. That is expected: the
effect is driven by the temperature profile of the whole atmo-
spheric column, not by the air next to the instrument %23,

g
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Figure. 5 (a) Daily rate deviation against pressure, with Poisson
error bars and the fitted exponential. (b) The daily series before and
after correction. Points are measurements; lines are the fit and the
corrected series.

Comparison with Reference Stations

Over the 80-day comparison window the corrected muon se-
ries correlates with all three neutron monitors: r = 0.62 for
Lomnicky stit (p = 0.0004), 0.51 for Athens (p = 0.0063) and
0.60 for Baksan (p = 0.0007), all with N.g near 29 (Figure 6).

These stations are not equivalent detectors and are not used
as such here. A neutron monitor counts a different secondary,
has a different altitude and a different cutoff rigidity, and there-
fore responds to a different part of the primary spectrum with
a different modulation amplitude !'"'>. The comparison tests

one thing only: whether the temporal pattern in the student in-
strument matches the pattern seen by established stations over
the same days. It does. Modulation amplitude is not com-
pared. The ordering of the three coefficients follows the or-
dering of the station cutoff rigidities, with the lowest-cutoff
station correlating best, as expected.
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Figure. 6 Percentage deviation from the 80-day mean for the de-
vice and three NMDB neutron monitors. Station altitudes and cutoff
rigidities are in Table 1. The vertical scale is a relative deviation for
each station, so amplitudes are not directly comparable between in-
struments.

Solar Modulation of the Muon Rate

On daily values the corrected rate anti-correlates with sunspot
number at » = —0.35. There are 245 days but only N = 61
independent samples, giving p = 0.0065 and a 95% block-
bootstrap interval of [—0.45, —0.19]. On 7-day means, where
the counting error falls to about 0.5%, the coefficient is —0.75
(N =35, Negr = 15, p=0.0015, 95% CI [-0.85, —0.55]). The
corresponding figures against Fjo 7 are —0.34 daily and —0.72
weekly. Table 3 collects every correlation in the paper with its
sample size, effective sample size, interval and p-value.
Prewhitening removes most of the shared structure, as it
should when both series are dominated by the same slow vari-
ation. After linear detrending and one AR(1) step (¢ =0.22 for
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the muon series and 0.66 for sunspot number) the residual cor-
relation is —0.18 with p = 0.0056. The anti-correlation there-
fore lives in the low-frequency and rotational components of
the two series rather than in day-to-day fluctuations, which is
what heliospheric modulation predicts.

The cross-correlation function (Figure 9a) has its minimum
at a lag of 1 day, consistent with zero given the daily sampling,
and shows the sidelobes at roughly 13 days that two series
sharing a 27-day recurrence must produce. No physical lag is
claimed from it.

@

®)

VTEC (TECU)

(@

Figure. 7 The full record. (a) Pressure-corrected muon rate as a
percentage deviation from the run mean, with Poisson error bars; the
line is a 7-day running mean. The two labelled decreases are Forbush
decreases associated with catalogued ICME arrivals. (b) Daily VTEC
with its uncertainty. (c) Sunspot number and (d) Fjo7 over the same
days. Each quantity has its own panel; no two quantities share an
axis.
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Figure. 8 (a) Muon rate deviation against sunspot number, (b)
against F1g.7, (¢) VTEC against Fjp 7. Small markers are daily val-
ues, large markers are 7-day means, and the line is fitted to the weekly
means. Quoted intervals are block-bootstrap intervals and p-values
use the effective sample size.

The 27-Day Recurrence

The run covers 8.9 solar rotations. The Lomb-Scargle peri-
odogram of the corrected daily series (Figure 9b) peaks at 27.2

days with normalised power 0.166, against a pointwise AR(1)
95% level of 0.041 and a 99% level of 0.060. Testing the peak
against the distribution of the maximum power over the whole
8 to 70 day band, which is the multiple-comparison control,
gives a global p < 5 x 107 in 2,000 surrogate realisations.
The period agrees with the Bartels rotation and with the recur-
rence reported in neutron-monitor and spacecraft data*>.
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Figure. 9 (a) Cross-correlation of the corrected muon rate with

sunspot number. The shaded band is the 95% interval for zero cor-
relation computed from the effective sample size. (b) Normalised
Lomb-Scargle periodogram of the muon rate with pointwise 95% and
99% levels from 2,000 AR(1) surrogates.

Angular Dependence and Absolute Intensity

The measured rate falls from 4.4 min~—! at the zenith to

0.85 min~! at 75° (Figure 10). Fitting the acceptance-folded
model, with Iy and n free, gives n = 1.88 4= 0.07 and [y = 68.4
+ 1.4 (stat)y m~2 s~ sr~!, with y%/v = 1.16 on 5 degrees of
freedom. The systematic uncertainty is dominated by the as-
sumed per-plane efficiency: +0.03 in efficiency propagates to
+5m~2 s~ ! sr!. The result, 68 + 1 (stat) & 5 (syst), agrees
with the accepted sea-level value of about 70 m=2 s~ s 1!
and with published detector measurements 42!, The fitted ex-
ponent agrees with the value near 2 expected for this energy
range.

Two limits are worth stating plainly. The measurement does
not resolve the direction of individual particles: a two-plane
device defines an acceptance cone, and every rate here is an
integral over that cone, so the fitted n is a property of the whole
angular distribution and not of any single event. And it does
not give an energy. The reasons are given in the “Scope and
limitations™ section.

Total Electron Content

Daily VTEC tracks solar activity: r = 0.68 against F197 (Negf =
20, p =0.0008, 95% CI [0.55, 0.75]) and 0.66 against sunspot
number. Against the muon rate the correlation is negative, r
= —0.36 (p = 0.0021), as it must be if one quantity rises with
solar activity and the other falls.

Compared day by day with the CODE global ionosphere
map interpolated to the site, the receiver shows a bias of 0.29
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Figure. 10 (a) Pressure-corrected coincidence rate against device
zenith angle. Markers are measurements with Poisson errors; the
line is the acceptance-folded cos” 6 fit, so the curvature includes the
geometry of the device and not only the muon angular distribution.
(b) Normalised residuals; the shaded band is +10.

TECU and an rms difference of 0.87 TECU over 245 days
(Figure 11). That is the level of agreement reported for single-
receiver levelled TEC against global maps?*, and it is what
lets the values in this paper be read as absolute rather than
relative.

@ (b)
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Figure. 11 (a) Daily VTEC from this receiver, with uncertainties,
against the CODE global ionosphere map interpolated to the site. (b)
Histogram of the daily difference; the line marks the mean.

Ionospheric Response Around ICME Arrivals

The Richardson and Cane catalogue 27 lists 18 interplanetary
coronal mass ejections for the site window; the six associated
with geomagnetic storms of Dst < —100 nT were analysed.
Their catalogued ICME onsets were 2025-06-01 08:00, 2025-
06-03 02:00, 2025-06-11 21:00, 2025-11-12 03:00, 2025-11-

13 03:00 and 2026-01-19 21:00 UT, with catalogued shock
arrivals 1.7 to 7.7 h earlier. For each, a quiet-time model, the
mean plus one 24 h harmonic fitted to the interval 36 to 12 h
before magnetic-cloud arrival, was subtracted, and the onset
was defined as the first sample whose residual exceeded 40
of that interval and stayed above it for an hour. All 6 events
show an onset before the cloud arrival, with a median lead of
7.6 h and a range of 6.0 to 9.5 h. Applying the same test to
60 control epochs on quiet days produced 0 detections, so a
Fisher exact test gives p = 1.1 x 1078 (Figure 12).

The interpretation is not that TEC predicts a CME. The in-
terplanetary shock ahead of an ejecta typically reaches Earth
several hours before the magnetic cloud itself, and shock ar-
rival drives a prompt ionospheric response through the sudden
commencement and prompt penetration electric fields>!?. A
lead of a few hours relative to the catalogued cloud onset is
what that sequence produces. Six events is a small sample and
the shock arrival times were not independently verified against
solar-wind plasma data, so this result is reported as consistent
with the known sequence rather than as a forecasting method.

No muon-flux precursor is claimed here. The muon channel
shows Forbush decreases that begin at or after shock arrival,
visible in Figure 7(a). That is the opposite of a precursor, and
it is what should happen.

T

control epochs, 5-95 % band,(n=60)

r individual events (n=6)
—— event median

©

median VTEC onset
-7.6h[6.0,9.5]

o
T

»
T
e Lo A

VTEC residual after quiet-time
diurnal model (TECU)
IS
T

S}
T

L L
-40 =20 0 20 40
time relative to magnetic-cloud arrival (h)

Figure. 12 Superposed-epoch analysis of VTEC around six cata-
logued magnetic-cloud arrivals. Each trace is the residual after that
event’s own quiet-time diurnal model is removed. The shaded band
is the 5 to 95% range of 60 control epochs treated identically. The
dashed line marks the median detected onset.

Discussion

What the Measurement Supports

Three results stand on their own. The absolute rate matches
the accepted ground-level muon intensity once the acceptance
is computed and the efficiency is stated. That check is what
separates a working counting experiment from a demonstra-
tion. The barometric coefficient falls where published values
for ground-level muon detectors fall, and it was measured with
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Table 3 Every correlation reported in this paper. N is the number of points, Negr the autocorrelation-adjusted sample size used for the p-value,

and Cl is a 5,000-replicate block-bootstrap confidence interval.

Relationship Cadence r N Nete 95% CI p
Muon rate vs sunspot number daily -0.35 245 61 [-0.45, -0.19] 0.0065
Muon rate vs sunspot number 7-day -0.75 35 15 [-0.85, -0.55] 0.0015
Muon rate vs Fio.7 daily -0.34 245 53 [-0.45,-0.17] 0.012
Muon rate vs Fyg7 7-day -0.72 35 14 [-0.83, -0.51] 0.0042
Muon rate vs sunspot number, prewhitened daily -0.18 244 - - 0.0056
VTEC vs Fio.7 daily 0.68 245 20 [0.55, 0.75] 0.0008
VTEC vs sunspot number daily 0.66 245 24 [0.53,0.73] 0.0005
Muon rate vs VTEC daily -0.36 245 70 [-0.46, -0.21] 0.0021
Muon rate vs Lomnicky §tit NM daily, 80 d 0.62 80 29 [0.48, 0.72] 0.0004
Muon rate vs Athens NM daily, 80 d 0.51 80 28 [0.28, 0.61] 0.0063
Muon rate vs Baksan NM daily, 80 d 0.60 80 28 [0.45, 0.70] 0.0007
Ground temperature vs corrected residual daily 0.09 245 184 [-0.11, 0.20] 0.20

this instrument rather than assumed. And the anti-correlation
with solar activity survives an autocorrelation-aware signifi-
cance test, a block-bootstrap interval, and a comparison with
three independent stations over the same days.

The 27-day recurrence is tested against a red-noise null and
is well supported. A red-noise null is precisely the test that
separates a real recurrence from the peak an autocorrelated se-
ries throws up by chance. Eight rotations is still a short base-
line. A three-year record would settle it.

The two channels behave differently, and that difference is
the point of measuring both. VTEC follows the daily solar
radio flux closely, because it is driven by photoionisation that
responds within a day. The muon rate follows the same driver
with a weaker daily coefficient that strengthens on weekly
means, because it is set by the transport of charged particles
through the heliosphere over a rotation. A single instrument at
one school recovers both behaviours.

Limitations

1. Per-plane efficiency is assumed, not measured. A third
plane would let it be measured internally and would cut

the dominant systematic on the absolute intensity.

One site, so the geomagnetic cutoff is fixed and cannot
be separated from the heliospheric signal.

. Counting statistics dominate the daily values at 1.26%,
which is why the primary correlation is quoted on weekly
means. A larger slab area is the direct remedy.

The record covers 8.9 solar rotations, enough to test the
27-day peak against a red-noise null but not enough to
say anything about the 11-year cycle.

No upper-air temperature profile, so the muon tempera-
ture effect is neither corrected nor bounded.

6. The receiver bias is estimated as one constant per day,
which is standard practice but is known to absorb part
of the diurnal signature; satellite biases come from an
external product.

Six ICME events is a small sample, and the analysis uses
catalogued cloud onsets rather than independently iden-
tified shock arrivals.

Conclusion

A two-plane scintillation device costing about 400 EUR ran
for 245 days and recorded 4.42 coincidences per minute with
accidental contamination below 0.1%. Folding the measured
angular scan through the computed acceptance gives a vertical
intensity of 68 + 1 (stat) £ 5 (syst) m~2 s~ sr!, consistent
with the accepted sea-level value. The barometric coefficient
of the instrument is -0.169 + 0.010% hPa™".

Against that calibrated baseline the pressure-corrected rate
anti-correlates with sunspot number at —0.75 on weekly
means, with a block-bootstrap interval of [—0.85, —0.55] and
p =0.0015 on 15 effective samples, and shows a 27.2-day re-
currence that exceeds a red-noise null. The colocated GNSS
receiver reproduces IGS global maps to 0.87 TECU rms and
shows VTEC rising a median of 7.6 h before catalogued
magnetic-cloud arrivals, which is consistent with shock arrival
driving the ionospheric response. Each of the seven objec-
tives in the “Objectives” section was met, with the exception
noted in the “Scope and limitations” section: no energy scale
is claimed.

Three extensions follow directly. A third scintillator plane
would turn the assumed efficiency into a measured one. A
Geant4 or CORSIKA response calculation, checked against
an absorber scan, would give the energy scale that this work
deliberately does not claim. And because the build is doc-
umented and cheap, the most useful next step is not a bet-
ter single instrument but several of them: a handful of these
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devices in schools at different latitudes would sample differ-
ent cutoff rigidities and turn a single-site measurement into a
small network.
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